This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial-NoDerivs 3.0 License (www.karger.com/OA-license), applicable to the online version of the article only. Distribution for non-commercial purposes only. The anti-inflammatory and cardioprotective effect of acetylcholine (ACh) has been reported; nevertheless, whether and how ACh exhibits an antioxidant property against ischemia/reperfusion (I/R)-induced oxidative stress remains obscure. Methods: In the present study, H9c2 rat cardiomyocytes were exposed to hypoxia/reoxygenation (H/R) to mimic I/R injury. We estimated intracellular different sources of reactive oxygen species (ROS) by measuring mitochondrial ROS (mtROS), mitochondrial DNA (mtDNA) copy number, xanthine oxidase (XO) and NADPH oxidase (NOX) activity and expression of rac 1. Cell injury was determined by lactate dehydrogenase (LDH) release and cleaved caspase-3 expression. The siRNA transfection was performed to knockdown of M2 acetylcholine receptor (M2 AChR) expression. Results: 12-h hypoxia followed by 2-h reoxygenation resulted in an abrupt burst of ROS in H9c2 cells. Administration of ACh reduced the levels of ROS in a concentrationdependent manner. Compared to the H/R group, ACh decreased mtROS, recovered mtDNA copy number, diminished XO and NOX activity, rac 1 expression as well as cell injury. Cotreatment with atropine rather than hexamethonium abolished the antioxidant and cardioprotective effect of ACh. Moreover, knockdown of M2 AChR by siRNA showed the similar trends as atropine co-treatment group. Conclusions: ACh inhibits mitochondria-, XO-and NOX-derived ROS production thus protecting H9c2 cells against H/R-induced oxidative stress, and these beneficial effects are mainly mediated by M2 AChR. Our findings suggested that increasing ACh release could be a potential therapeutic strategy for treatment and prevention of I/R injury.
Introduction
Ischemia/reperfusion (I/R) is an important clinical problem associated with procedures including angioplasty, thrombolytic therapy, and coronary bypass surgery, which is considered to induce additional lethal injury beyond a certain critical period [1] . A vast majority of studies support the view that oxidative stress due to a burst of reactive oxygen species (ROS) during reperfusion is the critical trigger of I/R injury [2] . In general, modest increases in ROS production and activation of ROS-dependent pathways exert cardioprotective effects [3] ; however, excess ROS formation is detrimental. This is not only because they cause nonspecific oxidative damage to DNA, proteins and lipids, but also by modulating redox-regulated signaling cascades, which cause further damage and ultimately cell death [4] .
In view of the detrimental role of ROS overproduction, it is logically to suggest that the application of antioxidants should be useful. Nevertheless, the clinical trial results with various antioxidants are disappointing [5] . Therefore, inhibiting the formation of ROS instead of scavenging these harmful species after their emergence may be more promising. The resources of ROS are multiple, of note, the mitochondrial electronic transport chain (ETC), NADPH oxidase (NOX) and xanthine oxidase (XO) are reported to be the main resources of ROS in the cardiomyocytes during pathophysiology process [6] . Moreover, numerous studies have shown that inhibiting these pathways by pharmacological strategies exhibits beneficial effect against cardiovascular diseases [7] . Unfortunately, to date many of these inhibitors have not been employed in patients due to their toxcity.
Recently, cumulative evidence suggests that vagus nerve stimulation (VNS) decreases infarct size, inflammatory markers and prevents myocardial remodeling in the modle of I/R [8, 9] , but the potential mechanisms remain to be elucidated. Interestingly, Takaki Tsutsumi et al. demonstrated that VNS suppresses the level of myocardial ROS via muscarinic receptor (M receptor) in a murine model of chronic heart failure [10] . Besides, acetylcholine (ACh), the principle neurotransmitter of vagus nerve, reduces β-adrenoceptor and hypoxia-induced ROS [10, 11] . Recent studies in our laboratory have shown that ACh reduces angiotensin II and hypoxia-induced ROS in H9c2 cells via M AChR [12, 13] . These data suggest that ACh has the antioxidant property and this particular effect is likely to be also beneficial to attenuate myocardial I/R injury. Previous studies provide little information on whether and how ACh reduces the level of ROS during I/R in cultured cardiomyocytes. This study aims to address this by investigating the antioxidant effect of ACh during hypoxia/reoxygenation (H/R) and the potential mechanism.
Materials and Methods
Cell lines, cell culture, cell treatment H9c2 cells, derived from rat embryonic ventricular cardiomyocytes, were purchased from American Type Culture Collection (ATCC). Cells were routinely grown in DMEM (Hyclone) supplemented with 10% fetal bovine serum (FBS; Hyclone), 100 U/ml penicillin (Sigma) and 100 µg/ml streptomycin (Sigma) at 37°C in a humidified atmosphere of 5% CO 2 , and were fed every 2-3 d and were split 1 to 2 at 80% confluence. For experiments, cells were cultured for 24 h and were serum starved for 8h, then subjected to modified ischemia-mimetic solution and hypoxia for 12h in a modular incubator gassed with 2% O 2 , 5% CO 2 , and 93% N 2 as previously described [13] . For reoxygenation, cells were removed and incubated in serum-free DMEM at 37°C in a humidified atmosphere of 5% CO 2 for 1 h, 2 h, 4 h, 8 h, 16 h and 24 h respectively.
To investigate the effect of ACh on ROS, cells were treated with various concentrations of ACh (10 -7 to 10 -4 M) or ROS scavenger N-acetylcysteine (NAC, 10 -3 M) during H/R. ACh (10 -5 M) was also used in combination with atropine (10 -4 M, a non-selective muscarinic receptor antagonist) or hexamethonium (10 -4 M, a non-selective nicotinic receptor antagonist). The following experimental groups were included: control (Con, normoxia), H/R group (H/R, 12-h hypoxia and 2-h reoxygenation), NAC group (NAC, H/R + NAC), ACh group (ACh, H/R + ACh), atropine group (Atro, H/R + ACh + atropine) and hexamethonium group (Hex, H/R +ACh + hexamethonium). These agents were all purchased from Sigma. 
Determination of malondialdehyde (MDA)
The oxidative stress was measured using a Lipid Peroxidation MDA Assay Kit (Beyotime) according to the manufacturer's instructions. The absorbance was read at 544 nm on the POLARstar OPTIMA multidetection microplate reader (BMG Labtech). The contents of MDA were expressed fold to the control group.
Lactate dehydrogenase release assay Cell injury was evaluated by the amount of lactate dehydrogenase (LDH) released from cells using the automated chemistry analyzer (Olympus AU2700). The data presented are the results from four independent experiments and the error bars indicate the SEM.
Western blot analysis
Protein levels were analyzed in whole cell lysates obtained using Cell lysis buffer for Western and IP (Beyotime) and 50 µg of samples were resolved on a SDS polyacrylamide gel. Gels were then analyzed by Western blot with the following antibodies: GAPDH Mouse Monoclonal Antibody (Sinopept), mAChR M2 pAb, caspase-3 pAb (Bioworld Technology), rac 1 pAb (Cell Signaling Technology).
Detection of mtROS
To test the levels of mtROS, MitoSOX Red, a fluorochrome specific to anion superoxide produced in the inner mitochondrial compartment (Invitrogen) was used. Briefly, H9c2 cells were incubated with MitoSox for 0.5 h at 37°C, washed twice in PBS, fixed with 4% paraformaldehyde in PBS for 0.5 h at room temperature, and washed twice with PBS, incubated for 0.5 h at 37°C with MitoTracker Green (Beyotime) to label mitochondria, and washed again before mounting. MitoSOX intensity was monitored by Nikon TE-2000U fluorescence microscopy.
Genomic DNA extraction and real-time PCR
Since mitochondrial DNA (mtDNA) is a main target of ROS and a reflection of ETC [14] , mtDNA copy number was detected using real-time PCR. Genomic DNA was extracted using TIANamp Genomic DNA Kit (Tiangen) according to the manufacturer's instructions. Real-time quantitative PCR was performed by iQ5 (BIO-RAD) with SYBR Premix Ex Taq™ II (TaKaRa) for D-loop DNA quantitation, and gene expression was normalized by 18sRNA. The following primers (GenScript) were used: D-loop forward: 5'-TGG TTC ATC GTC CAT ACG TT-3', reverse: 5'-TGA CGG CTA TGT TGA GGA AG-3'; 18sRNA forward: 5'-CAT TCG AAC GTC TGC CCT ATC -3', reverse: 5'-CCT GCT GCC TTC CTT GGA-3'.
Detection of XO and NOX activity XO and NOX activity were determined by using xanthine oxidase and NADPH oxidase activity assay kits (GENMED) according to the manufacturer's instruction. The change of absorbance at 340 nm or 510 nm was monitored by the POLARstar OPTIMA multidetection microplate reader (BMG Labtech), respectively. Protein concentration was measured by Bradford Protein Assay Kit (Beyotime).
siRNA knockdown of M2 AChR
For knock down of M2 AChR in H9c2 cells, we used small interfering RNA (siRNA) with the rat specific sequence 5´-GUG CUC AUC AAU ACU UUC UTT-3´and the negative control (NC) siRNA sequence 5´-UUC UCC GAA CGU ACG UTT-3´ (ABGENT). Transfections were performed using TurboFect siRNA Transfection Reagent (Themo Fisher Scientific) according to the manufacturer's instructions with 100 nM of each siRNA. 48 h after transfection, the efficiency of siRNA-mediated M2 AChR knockdown was determined by Western blot. The effects of knockdown of M2 AChR on cell injury were tested by MTT (Sigma) cell viability assay.
Results

ACh decreases ROS levels during H/R in a concentration-dependent manner
In order to investigate the optimal time of reoxygation for redox study, H9c2 cells were subjected to 12 h of hypoxia followed by 1 h, 2 h, 4 h, 8 h, 16 h or 24 h of reoxygenation respectively. The DCFH-DA was used to monitor intracellular ROS production. As shown in Fig. 1A , B, the levels of ROS elevated rapidly and remarkably reached peak level at 2 h after reoxygenation. Based on these, further tests were performed using 12 h of hypoxia followed by 2 h of reoxygenation.
To determine whether ACh prevents H/R-induced ROS burst, we treated cells with different concentrations of ACh (10 -10 -4 M) showed a decrease in fluorescence intensity in a concentrationdependent manner (Fig. 1C, D) . Further tests were performed using ACh at a concentration of 10 -5 M.
ACh suppresses cell injury and the levels of ROS via M AChR
To investigate which kind of acetylcholine receptors play the predominant role in AChmediated suppression of cell injury and the level of ROS, atropine (10 -4 M) or hexamethonium (10 -4 M) were applied co-treatment with ACh (10 -5 M) during H/R. LDH release and cleaved caspase-3 were measured to estimate cell injury. ACh inhibited H/R-induced LDH release and decreased cleaved caspase-3 expression ( Fig. 2A, B) . The protective effect of ACh was blocked by atropine, while co-treatment with hexamethonium showed no difference compared with ACh group. 
Cellular Physiology and Biochemistry
Notably, there is a significant difference in ROS levels between atropine and ACh group, while hexamethonium group did not alter the ROS contents (Fig. 2C, D) . In order to further assess the antioxidant effect of ACh, the common marker of oxidative stress MDA was estimated. The content of MDA was also higher in the atropine group compared with the ACh group (Fig. 2E) . These data suggests a likely role of the M receptors in the ACh-induced reduction of cell injury and ROS levels. 
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
ACh reduces mtROS via M AChR
Since ACh may decrease the ROS via M receptors, we next presumed that ACh exerts its antioxidant effect by affecting ROS synthesis. We used mitoSOX Red to test mitochondrial superoxide formation. Compared with control, H/R group showed higher mtROS levels. ACh markedly reduced H/R-induced mtROS (Fig. 3A, B) , and this effect was prevented by atropine but not hexamethonium. In addition, mtDNA copy number, which is a reflection of ETC function [14] , was determined by real time PCR. Compared with H/R group, ACh abolished the decline of mtDNA copy number (Fig. 3C ). In addition, atropine rather than hexamethonium displayed lower mtDNA copy number compared with ACh group. These observations indicate that ACh prevents mitochondrial-derived ROS synthesis mainly through M receptors.
ACh reduces cytoplasmic ROS via M AChR
Next, the activity of XO and NOX were detected to evaluate cytoplasmic ROS production. ACh prominently eliminated H/R-induced activation of XO and NOX (Fig. 4A, B) . Co-treatment with atropine abolished the effect of ACh. Besides, we tested the expression of rac 1, which plays a critical role in NOX activation [15] . Results showed the similar trends (Fig. 4C) . These data suggests that ACh inhibits XO and NOX-derived ROS formation mainly through M receptors. 
Knockdown of M2 AChR by siRNAs blocks the antioxidant effect of ACh
Upon our previous studies, M2 AChR seems to play a predominant role in ACh-mediated protection in H9c2 cells [13] . RNA interference was performed to knockdown M2 AChR expression. As shown in Fig. 5A , B, compared to the NC siRNA group, M2 AChR siRNA reduced the levels of M2 AChR expression by 51% and had no significant effect on cell injury. Further, H9c2 cells transfected with M2 AChR siRNA or NC siRNA were exposed to H/R with administration of ACh 48 h after transfection. Despite the presence of ACh, cells transfected with M2 AChR siRNA displayed higher ROS level compared with the NC siRNA group (Fig. 5C,  D) , suggesting that M2 AChR participates in the ACh-mediated antioxidant effect.
M2 AChR siRNA increases mitochondrial and cytoplasmic ROS production
To investigate the role of M2 AChR in different ROS sources, M2 AChR or NC siRNA transfection were performed, and H9c2 cells were exposed to H/R with ACh 48 h after transfection. Compared with the NC siRNA group, transfection of M2 AChR siRNA markedly increased mtROS and reduced mtDNA copy number (Fig. 6A, B, C) . Besides, the XO and NOX activity were also significantly higher in M2 AChR siRNA group than those of NC siRNA group (Fig. 6D, E) . All these findings support that M2 AChR played a predominant role in AChmediated inhibition of mitochondrial and cytoplasmic ROS formation.
Discussion
Increasing evidence has shown that enhancing ACh reduces hypoxia-or ischemiainduced apoptosis and ROS in vivo and in vitro [10, 11, 13] . However, there is little information about whether and how ACh decreases ROS formation during H/R. Here, to our knowledge, we show for the first time that ACh diminishes H/R-induced mitochondria-, XO-, and NOXderived ROS formation via M2 AChR. This is strongly supported by the findings that (1) ACh treatment markedly reduces the contents of ROS in a concentration-dependent manner; (2) ACh dramatically diminishes the level of mtROS, XO and NOX activity; and (3) the above events were blocked by atropine or M2 AChR siRNA transfection. Our findings represent a significant addition to the understanding of ACh-mediated cardioprotection. 
Recently, growing evidence has shown that vagus nerve withdrawl is typically associated with many cardiovascular diseases [16] . In the past decades, VNS has shown promise against heart failure, ventricular tachycardia, and I/R in clinical and experimental studies [9, 17, 18] . However, the precise mechanism(s) remain unclear. The negative inotropic effect reducing myocardial energy consumption can partly explain the cardioprotection of VNS. Meanwhile, several studies, including ours, have attributed cardioprotective effects of VNS or ACh largely to its anti-inflammatory and anti-apoptotic property [9, 19, 20] . Additionally, ACh attenuates hypoxia, β-adrenoceptor, or angiotensin II-induced ROS [10] [11] [12] [13] , demonstrating its antioxidant property. Therefore, it is conceivable that ACh possesses a similar effect for attenuating the level of ROS in cardiomyocytes exposed to H/R.
Since there is little information for the time-course change of ROS in cultured cardiomyocytes during reoxygenation, here, we first determined the optimal time of reoxygenation to apply for redox studies in the rat H9c2 cardiomyocyte cells. In the present study, H9c2 cells were exposed to H/R to mimic I/R. The time of hypoxia was selected according to preliminary trial to induce a significant reduction in cell viability (data not shown). Then, cells were exposed to reoxygenation for 1 h, 2 h, 4 h, 8 h, 12 h or 24 h respectively. We showed that ROS increased rapidly and reached to the peak at 2 h after reoxygenation. Based on these results, further studies were performed using 12-h hypoxia followed by 2-h reoxygenation. Next, we examined the antioxidant effect of ACh in H9c2 cells exposed to H/R. ACh decreased the content of ROS in a concentration-dependent manner, accompanied with reduced LDH release and cleaved caspase-3 expression, suggesting that abrogation of ROS overproduction may be involved in ACh-mediated cardioprotection during H/R.
In view of the detrimental role of excess ROS production in cardiovascular diseases, it is believed that if one can modulate the production of ROS, then the ROS-induced effects of I/R could be alleviated [21] . In general, two kinds of strategies reducing the ROS levels were considered to be available. One is using antioxidants to "clear" ROS. Unfortunately, the functions of antioxidant are very complicated and the results from clinical trial are disappointing [5] . The other is to "inhibit" ROS formation, which is regarded to be more promissing. There are two main categories of ROS sources: mitochondrial and cytosolic. Mitochondria produce ROS mainly through a single electron transport to molecular oxygen in the ETC. In the cytoplasm, NOX and XO are the main sources of ROS formation [22] . Numerous studies have shown that inhibiting these pathways by pharmacological strategies exhibits beneficial effect in animal or in vitro experiments [5] . However, to date many of these inhibitors have not been employed in patients due to their toxcity. Therefore, more effective and feasible modality of therapy is expected. Since we had demonstrated ACh reduces the level of ROS, it is speculated that ACh may attenuate ROS formation through at least one of these resources. Results showed that ACh markedly reduced the mtROS, recovered the mtDNA copy number, decreased XO and NOX activity as well as rac 1 expression, compared with the H/R group. All these data suggest that ACh can reduce mitochondrial-, XO-and NOXderived ROS formation, thus protecting H9c2 cells against H/R.
Since ACh acts on its receptors thereby exerting cardioprotective effects, we next attempt to clarify the receptors involved in H9c2 cells. Five M AChR subtypes (M1-5) [23] and several subunits of nicotinic receptors including α7-nicotinic acetylcholine receptor (α7 nAChR) [24] have been identified in cardiomyocytes. Pharmacologic evidence indicates that most functional responses are associated with activation of M2 AChR, which is predominant in M AChR in the heart [25] . Recently, a growing body of evidence indicates that α7 nAChR is involved in the cholinergic anti-inflammatory pathway and has become a novel therapeutic target for cardiovascular diseases [26] . Previous studies in our laboratory showed the expression of M2 AChR and α7 nAChR increase after I/R in the rat isolated heart, indicating the potential role of these receptors in I/R injury [24] . These raise the interesting question that which receptor plays a predominant role in ACh-mediated attenuation of ROS production in cardiomyocytes. Therefore, we used atropine or hexamethonium co-treated with ACh, and found that compared with ACh-treated group, atropine but not hexamethonium augmented mtROS, XO and NOX activity as well as cell injury. Moreover, knockdown of M2 AChR in H9c2 cells howed the similar phenomenon. This is in agreement with our previous study documenting that M2 AChR is involved in the anti-inflammatory property of ACh in H9c2 cells exposed to hypoxia [13] . Taken together, our results suggest that the M2 AChR rather than α7 nAChR plays a pivotal role in the ACh-mediated antioxidant as well as antiinflammatory property in H9c2 cells. Further studies of signal transduction pathway linking M2 AChR stimulation to the three ROS formation resources are needed.
In conclusion, ACh inhibits mitochondrial-, XO-and NOX-derived ROS generation, thus protecting H9c2 cells against H/R-induced cell injury (Fig. 7) . M AChR, especially M2AChR play the critical role in antioxidant effects of ACh. Our findings provide new insights into the mechanism underlying ACh-mediated cardioprotection, indicating that increasing ACh release may be a prospective strategy to prevent I/R injury.
